Background Autologous chondrocyte implantation (ACI) has demonstrated good and excellent results in over 75% of patients up to 10 years after surgery. Reports of longerterm outcomes, however, remain limited. Questions/purposes The purposes of this study were to describe the (1) survivorship of ACI grafts; (2) the longterm functional outcomes using validated scoring tools after ACI; and (3) to provide an analysis of potential predictors for failure. Methods Two hundred ten patients treated with ACI were followed for more than 10 years. Indications for the procedure included symptomatic cartilage defects in all compartments of the knee unresponsive to nonoperative measures. Mean age at surgery was 36 ± 9 years; mean defect size measured 8.4 ± 5.5 cm 2 . Outcome scores were prospectively collected pre-and postoperatively at the last followup.
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(OA) [7, 9, 25] . OA is a major source of economic burden in the 21 st century, being among the leading causes of disability [4] . The risk of disability from knee OA is as great as that derived from cardiovascular disease [20] , a fact that becomes even more concerning when considering that even isolated cartilage defects can cause pain and disability comparable to that of severe OA [24] .
Several cartilage repair procedures are in current clinical application, including microfracture [50] , osteochondral autograft transfer [22] , osteochondral allograft transplantation [17] , and autologous chondrocyte implantation (ACI) [5] . Given the economic challenges facing our healthcare system, it appears prudent to choose procedures that provide the most durable long-term outcome. Comparatively few studies have examined long-term outcomes, an important factor when considering the substantial differences in cost and morbidity among the various treatment options.
The purposes of this study were to describe the (1) survivorship of ACI grafts; (2) the long-term functional outcomes using validated scoring tools after ACI; and (3) to provide an analysis of potential predictors for failure. We performed our analyses at a minimum of 10 years after treatment of symptomatic chondral defects of the knee.
Patients and Methods

Patient Demographics
Between March 1995 and March 2010 more than 500 patients were treated at our institution with ACI (Carticel; Genzyme BioSurgery, Cambridge, MA, USA). To be considered for inclusion in the cohort presented here, we included all patients who had completed at least 10 years of followup.
Between March 1995 and March 2001, a total of 210 patients (95 left and 115 right knees) were treated with ACI for symptomatic full-thickness chondral defects of the knee. There were 113 male and 97 female patients with an average age of 36 ± 10 years (range, 8-57 years). An average of 1.7 lesions per knee was treated with a total surface area of 8.4 ± 5.5 cm 2 per knee ( Table 1) .
None were lost to followup for the survivorship analysis. Of 157 patients who had successful grafts, we were able to analyze functional scores of 154 patients; three patients were lost to followup ( Fig. 1 This clinical database was approved by the institutional review board at the initial start date, and all patients provided informed consent at the time they were entered into the database, usually at the time of their index operation. Thorough clinical examination, MRI, and arthroscopy were completed before consideration of treatment with ACI. Indications included one or more full-thickness chondral defects of the knee in a compliant patient with symptoms matching the defect location and who had failed nonoperative measures. Contraindications to treatment included patients with inflammatory joint disease, unresolved or recent septic arthritis, metabolic or crystal disorders, deficient soft tissue coverage, or OA as evidenced by complete loss of joint space on weightbearing radiographs. Malalignment and meniscal or ligamentous insufficiency were not considered a contraindication to treatment and were addressed in a concurrent or staged fashion.
Patients were divided into three cartilage defect types, namely simple (single unipolar grade 3/4 lesion on femur or grade 2 or less on the tibia or patella), complex (multifocal unipolar grade 3/4 chondral lesions on femur, concurrent high tibial osteotomy [HTO]/tibial tubercle osteotomy [TTO], osteochondritis dissecans, unipolar lesions on tibia or patella), and salvage (bipolar focal chondral lesions, generalized chondromalacia grade 2 or greater).
Surgical Technique
ACI was performed by a single experienced cartilage surgeon as described elsewhere in greater detail [34] . Briefly, autologous chondrocytes were expanded in cell culture from a cartilage biopsy harvested arthroscopically. After a variable time interval in cryopreservation, the cells were implanted into cartilage defects that had been prepared by removing all degenerated tissue as well as the layer of calcified cartilage. A periosteal patch was harvested from the proximal tibia and microsutured to the surrounding cartilage to create a watertight space that was then injected with the chondrocyte suspension at a density of greater than one million cells per square centimeter.
Articular comorbidities such as malalignment, patellar maltracking, and meniscal or ligamentous deficiency were corrected in a staged or concurrent procedure. Patients with more than 3°of malalignment were corrected through a neutralizing osteotomy of the tibia or femur. Concomitant procedures included HTO in 33 (15.7%), TTO in 49 (38 Fulkerson, 11 Maquet) (23.3%), combined HTO/TTO in 15 (7.1%), and distal femoral osteotomy in three patients (1.4%). Anterior cruciate ligament (ACL) repair was performed in 10, lateral collateral ligament (LCL) in one, and combined ACL/LCL in another patient ( Table 2) .
We deliberately did not overcorrect by 3°to 5°as recommended by Coventry et al. [8] because our goal was to normalize excessive stresses rather than further unload the respective compartment, except in ''kissing'' (salvage category) weightbearing lesions, in which we overcorrected by 2°to unload the defects.
Patellofemoral maltracking was addressed with anteromedialization tibial tubercle osteotomy [13, 35] . If patellar subluxation and tilt were diagnosed on physical examination and confirmed on radiographs, and/or CT/ MRI, lateral release (n = 130 [62.0%]) and vastus medialis obliquus advancement (n = 39 [18.6%]) were added.
Eighteen (8.6%) patients underwent meniscal procedures, meniscal transplantation in four (2.0%) and partial meniscectomy in 14 (6.7%). Size-and compartment-matched meniscal transplantation (bone block technique) was performed for meniscal deficiency as defined by less than 5 mm of uninterrupted circumferential hoop fibers determined by preoperative MRI and diagnostic arthroscopy.
Eighty-nine of 210 (42.2%) patients had previously undergone attempts at cartilage repair, including microfracture in 13 of 210 (6.2%), abrasion arthroplasty in 30 (14.2%), and drilling in 46 (21.9%) patients ( Table 3) .
Rehabilitation
Postoperatively, patients were kept on restricted weightbearing that was gradually increased over the course of 8 to 12 weeks. A continuous passive motion machine was used 6 to 8 hours per day for 6 weeks. Physical therapy interventions were slowly advanced as the grafts mature over time with impact activities delayed for 12 to 18 months. The protocol was individually adjusted according to the defect location, concurrent procedures, degree of graft maturation, and previous activity level [36] . Definition of Failure Failure rates were reported in three categories: graft failure with revision using partial knee arthroplasty or TKA; graft failure with revision cartilage repair; and graft survival but development of new defects elsewhere in the same knee necessitating additional surgery (progression of disease).
Outcome Evaluation
Functional outcomes were evaluated with five validated, generic-and disease-specific instruments measuring changes in symptoms, function, and sports activity level to avoid ceiling and floor effects. Data were routinely collected preoperatively, at 1 and 2 years postoperatively, and then biennially; only the preoperative and final followup data for each patient were analyzed for this study. Patients completed questionnaires including knee-specific (KSS) [26] , sports activity-based instruments (modified Cincinnati Rating scale), a generalized nonspecific arthritis score (WOMAC) [3] , and the SF-36 health status survey. Patients were also asked to answer questions pertaining to their satisfaction with the procedure. Questionnaires were answered independently by the patients without physician interaction, mostly at home, and mailed in, or patients were contacted by phone by research personnel. Patients presented for clinical, postoperative followup as dictated by standard clinical routine. The WOMAC osteoarthritis index is a disease-specific, self-administered instrument that was used to measure patient pain, stiffness, and physical function. This health status instrument has been statically tested for reliability, validity, and responsiveness in a number of OA populations [10] . Minimal clinically important difference (MCID) was defined as the smallest difference in score that patients perceive as beneficial [1] . According to previously published studies, the MCID of improvement in patients with OA of the knee has been defined as a 17% to 22% change from baseline WOMAC subscale scores [15] .
The patient perception scale of the Cincinnati knee rating system for overall condition was modified as previously described [33] and used to measure self-reported function at baseline and followup on a 10-point scale [2, 41, 42] .
Commonly used by orthopaedic surgeons, the KSS health survey captures a diagnosis-based estimate of functional impairment [26] . Two scores (0-100 points) are derived from this survey. The knee score rates only the knee itself and the functional score rates the patient's ability to walk and climb stairs [26] .
The SF-36 health status survey is a widely used generic health instrument that has been validated in the general population and disease-specific populations. The items of the SF-36 instrument include eight health domains: physical functioning, role physical, bodily pain, general health, vitality, social functioning, role-emotional, and mental health. Domain and summary scores range from 0 to 100 points with higher scores pointing toward a better health state [56, 57] .
Lastly, the Patient Satisfaction Questionnaire asked patients (1) to rate the operated joint compared with before surgery; (2) to assess their overall satisfaction with their surgery; (3) to assess if they would have the surgery again; and (4) to rate the results of their surgery (all on scales of 1 [best] to 5 [worst]).
Statistics
We determined differences in functional scores (WOMAC, KSS, modified Cincinnati, and SF-36) between two time points (preoperatively and at latest followup) using the Wilcoxon signed rank test. Two-sample Student's t-test or the Mann-Whitney test was used to assess differences in functional scores between pre-and postoperative questionnaires and one-way analysis of variance for the analysis of the subgroups. We determined survival using the Kaplan-Meier method and calculated 95% confidence intervals for the different groups.
For subgroup analysis, patients were grouped according to the type of osteotomy, type of cartilage defect (simple, complex, salvage), size of the lesion (B 5 cm 2 , 5-10 cm 2 , 10-15 cm 2 , [ 15 cm 2 ), age, sex, workers compensation status, and whether the defects had been pretreated with marrow stimulation such as microfracture. A chi square test was used to determine differences in survivorship and accepted a p value of 0.05 as significant.
Results
Graft Failures
In total, 53 (25%) patients had at least one failed autologous chondrocyte graft (62 of 362 individual grafts failed [17%]). On further analysis of patients with failed grafts, grafts delaminated in 12 (23%) patients or failed to form adequate tissue (biologic failure) in 20 (38%). Two (4%) patients failed after a traumatic event and five (9%) patients were considered failures as a result of persistent pain although their workup had demonstrated an intact graft. An additional 14 (26%) patients failed not as a result of the transplanted areas, but because of development of new defects in other parts of the knee (progression of disease).
Overall, 19 (9%) of the 210 patients went on to knee arthroplasty within the followup period. Revision cartilage repair procedures were performed in 27 (13%) patients and seven (3%) patients declined further treatment although their grafts had failed.
Reoperation Rate
Of the 210 patients, 142 (67.6%) underwent an additional procedure on the index knee during the followup period (Table 4 ). In almost half (70 of 142), the indication for reoperation was unrelated to the graft itself (for example, hardware removal); in the other half (72 of 142), treatment was indicated for graft-related issues (for example, graft hypertrophy).
Survivorship Analysis
The overall survivorship analysis demonstrated graft survival at 5 years of 79% (95% confidence interval [CI], 76%-87%), at 10 years of 71% (95% CI, 63%-77%), and at 15 years of 71% (95% CI, 63%-77%) (Fig. 2) . For those patients with failed grafts, average time of survival free from revision with knee arthroplasty was 5.4 years (SD 3.4).
Risk Factors for Failure
We completed multiple analysis (Table 5 ) and point out the most important findings subsequently.
Defect Location
Patellofemoral grafts appeared to fail earlier than grafts in the tibiofemoral compartment (70% versus 79% at 10 years); however, long-term survivorship was not significantly different (70% versus 73% at 15 years) ( Fig. 3) .
Prior Marrow Stimulation Treatment
Eighty-nine of 210 patients (42%) had failed prior attempts at cartilage repair with marrow stimulation techniques (MST: microfracture, abrasion arthroplasty, or drilling). Survivorship of ACI was significantly lowered (p = 0.004) when one of these procedures had been performed. At 10 years, 84% (95% CI, 76%-90%) of patients without prior MST had successful grafts, whereas only 66% (95% CI, 55%-75%) of patients with prior MST did. At 15 years, 79% (95% CI, 69%-87%) and 62% (95% CI, 50%-72%) of patients had successful grafts, respectively (Fig. 4A) .
When considering only microfracture specifically (not including drilling or abrasion arthroplasty) in a subgroup analysis, there was a significant (p = 0.006) difference between patients with microfracture versus no microfracture surgery before ACI. At 15 years, ACI graft survival for untreated knees was 79% (95% CI, 69%-87%) compared with 44% (95% CI, 17%-68%) in knees that underwent prior microfracture to the cartilage defect (Fig. 4B) .
In patients with successful ACI, there was no difference in clinical outcome scores between knees that had previously been treated with marrow stimulation and those in which ACI was the primary cartilage repair procedure.
Osteotomy
Concurrent osteotomy significantly (p = 0.01) increased graft survivorship: 15-year survival rate with HTO was 88% (95% CI, 72%-95%) versus 66.0% (95% CI, 57%-74%) without. There were no significant differences in outcome scores between the two groups ( Fig. 5 ). Of the 48 patients who were treated with concurrent HTO, 17 had prior marrow stimulation surgery versus 31 who had no prior marrow stimulation. In the marrow stimulation group, five patients (29%) failed compared with no failures in the other group (p \ 0.001).
Defect Size
We first compared outcomes according to total surface area treated per knee (Group 1: 1-5 cm 2 , Group 2: 5-10 cm 2 , Group 3: 10-15 cm 2 , Group 4: [ 15 cm 2 ). There were no statistically significant differences in either clinical outcomes or survivorship among Groups 1, 2, and 3. We therefore combined these three groups into one (1-15 cm 2 ) group that was then compared with Group 4, which comprised the largest defects ([ 15 cm 2 ). Survivorship was significantly (p \ 0.001) lower in patients with a [ 15-cm 2 surface area transplanted (38%; 95% CI, 17%-60%) in comparison to patients with \ 15 cm 2 (75%; 95% CI, 68%-82%). However, interestingly some of the postoperative clinical scores (WOMAC, modified Cincinnati) were significantly higher in the patients with lesion [ 15 cm 2 compared with those who had \ 15 cm 2 area treated (WO-MAC, 10 ± 8 versus 23 ± 16, p = 0.005 and modified Cincinnati, 8 ± 1.3 versus 6.3 ± 1.5, p = 0.02), although preoperative scores were not significantly different (Fig. 6 ).
Age
Patient age negatively impacted implant survival only when a relatively low threshold of 30 years was chosen. Patients younger than 30 years had a significantly higher 15-year survival of 84% (95% CI, 66%-93%) than patients aged 30 to 45 years (68%; 95% CI, 58%-76%) (p = 0.02) and patients older than 45 years (66%; 95% CI, 46%-80%) (p = 0.05). There was no difference between the patients aged 30 to 45 years and 45 years or older (p = 0.86) ( Fig. 7) . There was no statistical difference in clinical outcome scores between the age groups, except for WOMAC. Here, significantly (p = 0.002) better scores were reached in the younger patient groups: patients younger than 30 years scored better than patients older than 45 years (18 ± 16 versus 30 ± 15); however, preoperative scores were also significantly (p = 0.003) higher in patients \ 30 years (30 ± 18 versus 48 ± 21). There was also a significantly (p = 0.02) better outcome in the WOMAC postoperative score in the group that were aged 30 to 45 years in comparison to [ 45 years (22 ± 16 versus 30 ± 15), whereas there was no preoperative difference (p = 0.1).
Workers Compensation
The difference in survivorship according to workers compensation status failed to reach statistical significance (p = 0.08). Survival was 79% versus 66% at 10 years, and 75% versus 62% at 15 years, for patients without and with workers compensation, respectively. Of the 46 patients with workers compensation, more than 50% (24 patients) had previously undergone attempts at cartilage repair with marrow stimulation techniques. In the marrow stimulation group, 10 patients (42%) failed compared with six patients (27%) who had ACI as the primary cartilage repair procedure ( Fig. 8) .
Patient Satisfaction and Functional Outcomes
At the last followup, 75% of patients were satisfied with the procedure, 12% were neutral, and 11% were dissatisfied. A total of 86% reported that their knee was better than before the surgery, approximately the same in 12%, and worse in 11%. A total of 88% would choose to have ACI again if they could go back in time, 6% were uncertain, and 6% would not undergo the procedure again. A total of 78% rated the result of the surgery as good to excellent, 16% as fair, and 6% as poor ( Table 6 ). The Physical Component of the SF-36 score increased from 33 ± 14 to 49 ± 18, whereas the Mental Component improved from 46 ± 14 to 52 ± 15 (both p \ 0.001) ( Table 7) . Patients demonstrated significant improvements in all functional scores. The modified Cincinnati score improved from 3.9 ± 1.5 to 6.4 ± 1.5 (p \ 0.0001). WOMAC improved from 39 ± 21 to 23 ± 16 (p \ 0.0001) ( Table 8) . We also observed improvements in the KSS function (65 ± 23 to 78 ± 17, p \ 0.0001) and knee pain scale (54 ± 18 to 79 ± 19, p \ 0.0001) ( Table 8 ).
Discussion
Autologous chondrocyte implantation was described in 1994 as the first application of tissue engineering in orthopaedic surgery with the aim to treat symptomatic cartilage defects by regrowing hyaline-like cartilage. We present the first large cohort of patients with long-term prospective followup after treatment with ACI in the United States. At an average of 12 years, 157 of 210 patients (75%) had successful grafts. Nineteen patients had required revision surgery with knee arthroplasty. An additional 27 patients were salvaged using revision cartilage repair and seven patients with failed grafts elected to forego additional surgery. At the latest followup, 75% of patients reported being satisfied with the procedure and 78% rated their knee as good or excellent; 88% would choose to undergo the surgery again. Our study demonstrated durable outcomes of ACI as detected by patientreported functional outcome measures and patient satisfaction questionnaires.
Our study had the limitations of a nonrandomized, single-arm patient cohort. Large, long-term randomized trials of cartilage repair techniques are desirable but are complicated by the comparative scarcity of these treatments (less than 2000 ACIs per year in the United States compared with [ 500,000 knee arthroplasties); wide variation in defect size, number, and location; and associated comorbidities such as meniscal deficiency and malalignment. Its strengths lie in the single-surgeon design with a consistent approach to indications and treatment, use of prospectively collected data with multiple self-reported instruments independently filled by the patient, and a very high followup rate. The inclusion of every patient treated with ACI at our institution who had completed more than 10 years followup provides a true reflection of clinical reality, whereas many trials enroll less than 5% of all patients presenting with cartilage defects [11] .
Steadman et al. [49] published their midterm results with microfracture, reporting that 7 years after surgery, 80% of patients rated their knee as improved. Only patients younger than 45 years with traumatic defects and without ligamentous or meniscal injury were analyzed. These strict inclusion criteria for the study resulted in a comparatively limited study size with only 72 patients treated between 1981 and 1991, an average of less than seven patients per year, which limits generalization of these results to the much more varied pathology presenting in everyday clinical practice. Other mid-to long-term outcome studies using inclusion criteria that are more applicable to clinical practice suggest a deterioration of functional outcome scores after 2 years [28-31, 39, 48] . It is of importance to note that prior microfracture therapy significantly decreased the ACI survivorship in our study to 44% in comparison to 79% graft survival for primary ACI. Only few articles have focused on this important matter but show striking evidence that suggests that prior subchondral surgery, especially microfracture, increases the failure rate of subsequent ACI [37, 44] .
Osteochondral allograft transplantation [6, 16] has been used for the treatment of large osteochondral lesions: Gortz et al. [18] reported a 89% survival rate at 5 1 .
2 years for the management of steroid-induced osteonecrosis of femoral condyles in patients who on average were 24.3 years of age. Comparing the same age group from our study demonstrates a virtually identical survival rate of 91% for ACI.
Outcomes for osteochondral autograft transfer [21, 22, 27] have been promising with good to excellent results in 92% of patients with femoral condylar defects, 87% in tibial resurfacing, and 74% in patellar and/or trochlear procedures [23] . Marcacci et al. [32] reported their midterm followup with comparable results but demonstrated inferior results in larger lesions such as the ones treated in our study with ACI.
Peterson et al. evaluated the long-term outcome of ACI with more than 10 years followup [45] . Patients in this cohort concluded that they were better than before the surgery in 74%, whereas 92% were satisfied with the procedure and would repeat it, findings that are comparable with ours. Especially young patients such as the ones treated in our study seek alternatives to arthroplasty surgery. Of 210 patients who presented with symptomatic cartilage lesions, 191 (91%) were able to preserve their native knee for a minimum of 10 years. Although patients with very large ([ 15 cm 2 ) and salvage-type lesions experienced worse graft survival than those with less cartilage damage, the clinical outcomes did not differ significantly in those patients with successful grafts. It is noteworthy that both Peterson's and our study populations underwent surgery with a first-generation ACI technique that used a periosteal flap. A substantial number of these patients required additional procedures as a result of patch hypertrophy. Patient satisfaction with current second-and third-generation techniques that have a lower rate of subsequent surgery can potentially be expected to be higher.
Although many studies have demonstrated short-term success after various cartilage repair procedures, relatively few have provided information on long-term durability of 10 years and beyond. Such information, however, is essential for the appropriate selection of repair technique. Most patients presenting with cartilage defects are quite young; transient improvement in pain and function in the short term is therefore not adequate in a patient population that measures its remaining period of life and gainful employment in decades. Especially ACI has to demonstrate superior outcomes in the long term to justify its high upfront investment of cost and morbidity compared with other treatment options. It is well recognized that the treatment of associated articular comorbidities, especially osteotomy for malalignment, is essential for the success of cartilage procedures [43, 46, [51] [52] [53] [54] . The respective contribution of the cartilage versus osteotomy procedure to the overall outcome remains controversial. Survival of knees treated with ACI and concomitant osteotomy was 88% at 15 years. This compares favorably with survival rates published in the literature for isolated HTO of 46% to 65% at this time interval [19, 47] . With the numbers available, both female sex and workers compensation status demonstrated worse survival but failed to reach statistical significance. Several recent studies have demonstrated higher failure rates of cartilage repair in women [12, 14, 55] , a phenomenon that at this time has not been investigated thoroughly. Workers compensation status generally predicts worse outcomes after many surgical procedures, including rotator cuff repair and knee arthroplasty [38, 40] . In comparison, the differences between patients with and without workers compensation benefits seen in this study were fairly small, a noteworthy finding given the importance of strict compliance with the complex rehabilitation program. Similar results were reported by Yates who also were unable to detect a significant impact of workers compensation status on the outcome of ACI [58] . Furthermore, a much larger percentage of workers compensation patients in our study had undergone previous marrow stimulation than non-workers compensation patients, a confounding factor that most likely is of more importance to the overall results than the actual workers compensation status.
In conclusion, our study demonstrated durable outcomes of ACI that allowed most patients with an age younger than 45 years, defect sizes less than 15 cm 2 , no prior microfracture, and concomitant HTO for malalignment to preserve their knee with avoidance of knee arthroplasty. Prior microfracture and treatment for very large defects were associated with inferior survivorship and clinical scores.
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